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Abstract 
The effect of continuous wave (CW) Nd:YAG laser remelting on the surface topography of two different nickel based 
superalloys is studied in this work. A bidirectional strategy with small overlapping between adjacent tracks, together with 
powers around 150W and speeds over 4m/min is found to perform best. The most relevant 1D statistical parameters are 
obtained via contact profilometry and complemented by confocal microscopy measurements. The results show a notable 
improvement of about 80% on the Ra parameter, which is reduced from 4-5 around The potential of the 
technique is demonstrated on 3D parts. 
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1. Motivation / State of the art 
Surface finishing operations are a key step in a variety of different sectors, namely die and mould industry, 
semi-conductor manufacturing, medical implants and optical industry, to name but a few. Whether it is for its 
tribological behavior, biocompatibility or optical response, the topography of a part can be of utmost 
importance. Traditional surface finishing techniques include material removal by abrasive processes, normally 
in a sequence of different steps, using wheels, vibrating tools or cloths, as well as mechanochemical polishing 
and electrochemical polishing, Marinescu, 2007. Disadvantages of these approaches, mainly of manual 
polishing, include high manufacturing time and cost, for example, up to 30% of the total production cost in 
die and mould industry, dimensional deviations among different operators and high consumable cost. 
 
 
 
* Corresponding author. Tel.: +34-943-206-744; Fax: +34-943-202-744. 
E-mail address: jlambarri@tekniker.es. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
256   J. Lambarri et al. /  Physics Procedia  41 ( 2013 )  255 – 265 
To circumvent these issues, polishing by laser radiation appears as an attractive alternative, worth 
evaluating. As is the case with laser based methods, it is a non-contact process, which can be automated with 
relative ease, and is therefore able to tackle complex, three-dimensional parts with precision and repeatability.  
 
Depending on the smoothing mechanism, polishing by ablation and polishing by remelting can be 
distinguished. In the remelting variant no material is removed, only reallocated from peaks to valleys, driven 
by surface tension forces and gravity while in the molten state. Also, for the remelting variant, and depending 
on the duration of the pulse, macro- and micro-polishing categories can be defined, Willenborg, 2008. Macro-
polishing is based on continuous wave (cw) sources while micro-polishing relies on pulsed ones, normally in 
the nano or micro second time ranges. The decision for one or the other depends on the initial roughness and 
surface homogeneity. As an estimation, for values of the Ra parameter greater than around 0.5 m the macro 
variant is preferred. A sequential combination of both approaches is also possible, as demonstrated, for 
example, by Hafiz et al., 2012, where an AISI H13 surface with a starting areal topography roughness, Sa, of 
1.35 m is laser smoothed down to 0.18 m. However, as explained by Perry et al., 2009, care must be taken 
when using ns lasers, since at high enough fluences significant ablation may occur, and recoil pressure could 
disrupt the potential of the smoothing process. In any case, regardless of the pulse length, process parameters 
must be selected so that sufficient time at the molten state is provided and material can flow from peaks to 
valleys, but not long enough to affect the overall shape and mechanical properties, Mai and Lim, 2004. In this 
regard, and in the context of polishing free-form fabricated parts, a two category taxonomy of the process is 
presented by Ramos-Grez and Bourell, 2004. First, the surface shallow melting or SSM regime is identified, 
where only the peaks are melted, whereas in the surface over melting regime, or SOM, the melting of both 
peaks and valleys is induced. If the degree of overmelting is too big, even an increase of roughness can result. 
 
On the other hand, smoothing by ablation is based on selective elimination of the profile peaks. This can be 
achieved by focusing the radiation above the surface, in such a way that the power density at the mean line is 
smaller than the evaporation threshold, while at the peaks it is high enough to provide ablation, Yermachenko 
2010, or also, by increasing the angle of incidence, even up to grazing levels, Willenborg 2008. Polishing by 
ablation is used for diamond films, and remelting is appropiate for metals, glasses and thermoplastics. 
 
One of the first applications of the technique, in the late eighties and early nineties, termed planarization at 
the time, was in the field of microelectronics, to flatten out the surface of thin metal layers in integrated 
circuits and fill via holes, Marella et al., 1989, Tuckermann et al., 1986, Mukai et al., 1987. Since then, 
several authors have demonstrated the potential of the technique on several metallic materials, particularly 
tool steels, Hafiz et al., 2012, Guo et al., 2011, Ukar et al., 2010, and stainless steel, Mai and Lim, 2004. 
Examples of processing of non-ferrous alloys are Yermachenko 2010, on titanium, and Gisario et al., 2010, on 
sintered bronze substrates. As to non-metals, optical glasses, Vega et al., 1998, Udrea et al., 2001, and 
ceramics, Folwaczny et al., 1998, have been treated. 
 
In this work the feasibility of laser polishing by remelting on nickel-based superalloys is explored, from a 
purely empirical point of view. These alloys are high-performance and high-temperature materials, of 
extended use in turbines for both the aeronautical and energy generation sectors, where they constitute the 
backbone of most critical components. They are designed for service temperatures higher than 540 ºC. 
Although the surface quality requirements are not as stringent as in the mold and die or medical industry 
cases, excessive roughness can negatively influence the performance of the parts. A study on the effect of 
surface roughness on turbine blade aerodynamics can be found in the work by Hummel et al., 2005.  
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According to this work, results of experiments carried out inside a test facility show that pressure losses 
can be 40% higher in the case of blades with Ra=11.80  as opposed to the ones with a smooth finish of 
Ra=0.38 . 
2. Experimental procedure 
2.1. System set-up 
The remelting process was conducted using a 2.2 kW diode pumped continuous wave Nd:YAG laser. The 
laser beam was guided to the working area by a 0.6 mm diameter circular fiber and a laser head with an 
optical system able to provide, when focused, a 0.6 mm circular spot with top-hat energy distribution. The 
movement of the system was provided by a 6-axis robot. 
 
To generate an oxidation-free environment, the process was carried out inside a controlled atmosphere 
chamber, which can create a moderate vacuum of, approximately, 10-4 atm. To further protect the interaction 
area, helium was then injected into the chamber, until ambient pressure was reached inside. Pressure values 
were monitored on-line during process, by the use of a convection gauge, to ensure constant conditions during 
testing. 
2.2. Materials. Composition and evaluation of initial surface roughness 
The chemical composition of the two alloys under study is shown in Table 1. 
Table 1. Chemical composition (wt. %) of the nickel based alloys 
Material Ni Cr Co Hf Ta W Ti Al Mo C Zr B 
Nickel Alloy-1  Bal. 15.5 10 - - - 3.6 4.2 8.5 0.16 0.15 0.006 
Nickel Alloy-2 Bal. 8.25 10 1.5 3  10 1 5.5 0.7 0.15 0.05 0.015 
 
To characterize the initial roughness, a portable surface roughness tester and a confocal microscope were 
employed. Two of the most common members of the R-parameter family, namely, Ra (arithmetic mean of the 
absolute values of profile deviation) and Rz (the sum of the maximum peak height and valley depth within 
each sampling length divided by the number of sampling lengths) parameters were evaluated, all according to 
the ISO 4288 standard, which regulates, among other things, the procedure for selecting sampling and 
evaluation lengths. To filter out the waviness components of the signals, a Gaussian filter with appropriate 
cut-off wavelengths and transmission spectra (50% at cut-off wavelength) was used, as suggested by the 
standard ISO 11562. All standard-compliant measurements were carried out via line profiling, while confocal 
microscopy was used just for visualization purposes. 
 
Due to the different part geometry for nickel alloy 1, NA-1 from now on, and nickel alloy 2, NA-2, 
different characterization approaches had to be followed. For NA-1 a relatively large and flat sample was 
available, so that it was possible to examine the surface in greater detail. First, in order to keep track of the 
exact measurement locations before and after processing, a series of 20 mm side squares, each with a 
reference frame, were marked on the surface, by the use of a pulsed laser. Then, inside every square, the Ra 
parameter was measured at 2 different directions, perpendicular to each other. If the result of any single 
measurement was outside the range Ra=4-5 m, that particular square was discarded for processing. In this 
258   J. Lambarri et al. /  Physics Procedia  41 ( 2013 )  255 – 265 
way, the homogeneity of the initial surface condition could be established. The confocal microscope was then 
used to extract 2D surface topographies on the center of each square, by sweeping a 1.2 x 1.2 mm area. Fig. 
1a presents a typical square before processing. Attached to it is a local reference frame, with the origin at the 
upper left corner. Points P1, of coordinates (10,4)mm and P2 located at (4,10)mm represent the starting points 
for 1D roughness evaluation. 
perpendicular measurements. 
 
For alloy NA-2, the part was a section of a blade, so it was not possible to record the exact measurement 
locations before and after processing, since the whole surface was to be treated. Also, due to curvature, only 
one direction was considered, the perpendicular one, see Fig. 1b for approximate measurement points.  
 
The results for the average values of the 1D statistical parameters for both alloys, in sandblasted original 
condition, are shown in Table 2. Given errors are calculated according to standard procedure, that is, e = 
tester. 
 
              
1 2 3
4 5 6
7 8 9
 
                                           (a)                                                                                                                   (b) 
Fig. 1. (a) Typical 20x20mm area for NA-1 alloy; (b) NA-2 alloy blade. Treated area (in blue) and approximate measurement points and 
direction (in red) 
Table 2. Initial roughness characterization. Average values over all measurement positions.  
Material Ra ( m) Rz ( m) 
Nickel Alloy-1  4.6 ± 0.2 28 ± 2 
Nickel Alloy-2 3.1 ± 0.1 21 ± 1 
2.3. Methodology 
For NA-1, in order to cover up the whole surface inside the test squares, a simple back and forth or zig-zag 
strategy was selected. Regarding the overlapping dista
experience, to keep it at smallest value attainable by the robot, i.e., 0.1 mm. The explored parameter window 
is shown in Table 3. 
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Table 3. Parameters for laser polishing NA-1 
Laser power (W) 150, 200 
Speed (m/min) 2.4, 4, 6, 8, 10, 12 
Protection gas  He 
Working pressure (atm) 1 
Overlap (mm) 0.1 
Overlap (%) 17 
 
After laser remelting, the 1D roughness parameters were measured once again, and surface topographies 
extracted via confocal microscopy, in all cases at the exact same locations as before treatment. Statistical 
parameters were measured both in the laser movement direction and in the perpendicular one, to be able to 
evaluate if surface homogeneity is conserved. Finally, cross sections were extracted and prepared for 
metallographic analysis, particularly to evaluate molten zone extensions and resulting microstructure.  
 
For NA-2, the air blade, the first step was to define a series of points, in order to generate a curved 
trajectory on the edge of the blade, which constitutes the first track. Subsequent tracks are then defined by 
shifting those points along the surface, following appropriate directions. This offset or shifting distance is 
equal to the desired overlap degree, i.e. 0.1 mm in this case. This process is repeated over and over until the 
whole surface is covered. A bidirectional strategy was also employed, in order to minimize the process time, 
with the tracks ending outside of the surface of the air blade, so as to avoid the effect of the laser 
overexposure on the edges of the single tracks, where the robot needs some extra time to accelerate and 
decelerate.   
 
The process parameters for laser polishing of NA-2 are presented in Table 4. Despite the smaller initial 
roughness values, it was decided to employ one of the parameter sets that performed best for NA-1, while 
minimizing the heat input into the part.  
Table 4. Parameters for laser polishing NA-2 
Laser power (W) 150 
Scanning speed (m/min) 6 
Protection gas  He 
Working pressure (atm) 1 
Overlap (mm) 0.1 
Overlap (%) 17 
 
The part was cooled down inside the chamber after processing. Then, the statistical parameters were once 
again evaluated, at the approximate locations shown in Fig. 1b. 
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3. Results and discussion 
3.1. Roughness 
Table 5 contains the results for the statistical parameters for tests carried out on NA-1. The parallel and 
perpendicular symbols are used in the sense introduced in Fig 1a. Initial values correspond to the 
perpendicular direction while the Ra (%) and Rz (%) parameters have been evaluated also along this same 
perpendicular direction. Finally, and despite performing the experimentation under a previously vacuumed, 
protective atmosphere, oxidation was detected in some cases. Mild values under the oxidation column in 
Table 5 refer to those cases where only a few oxidation points resulted, while if the whole area was covered in 
 
Table 5. Roughness values before and after processing and related process parameters on NA-1 parts 
Parameters Initial Values Final Values 
Ref P (W) v (m/min) Ra ( m)  Ra  Rz  Ra  Rz  a (%) z (%) Oxidation? 
1 150 2.4 4.72 26.55 0.89 6.09 0.97 5.92 79 78 Mild 
2 150 4 4.94 29.16 1.03 6.51 0.95 7.28 81 75 No 
3 150 6 4.30 27.73 1.08 7.63 1.02 8.09 76 71 No 
4 150 8 4.78 28.80 1.13 8.49 1.06 8.80 78 69 No 
5 150 10 4.73 25.29 1.38 9.53 1.41 8.93 70 65 No 
6 150 12 4.61 29.55 2.14 12.65 2.31 10.75 54 64 No 
7 200 4 4.95 31.43 1.12 7.94 1.26 8.27 75 74 Yes 
8 200 6 4.10 27.80 0.93 6.40 1.08 6.70 74 76 Mild 
9 200 8 4.65 29.29 0.90 7.66 1.02 8.00 78 73 No 
10 200 10 5.02 30.66 1.01 7.69 1.20 7.99 76 74 No 
11 200 12 4.43 30.02 1.30 10.17 1.42 8.40 68 72 No 
 
It can be seen that maximum Ra is around 81%, and the corresponding parameter set, P = 150 W and v= 4 
m/min, provides also the smallest final Ra of 0.95 m, although the differences are minimal compared to other 
parameter sets. For values of speed higher than 10 m/min, Ra values start to deviate from 1 m, which might 
be the result of insufficient time on the molten state. Maximum Rz reduction, for non-oxidized tests, is around 
75% and it shows a clear decreasing trend with feed rate for 150 W, though not for 200 W. Oxidation first 
appears at 2.4 m/min for a power of 150 W, while at 200 W, the first oxide nucleation points are detected at 6 
m/min. To evaluate the degree of homogeneity of the resulting surfaces, the ratio of Ra  / Ra , 
was evaluated for all cases. T < , which means an average 9% 
dispersion between the results on mutually perpendicular directions. Considering that the value for the 
untreated surface is, on average, < untr =0.95, it can be concluded that the process does not alter 
dramatically the randomness of the surface. 
 
In Fig. 2a and 2b the initial and final profiles for the test reference 2 are given, both corresponding to the 
previously defined perpendicular direction. In Fig. 2c and 2d the related confocal microscopy images are 
presented. The captured area represents a 1.2 mm side square. In order to appreciate the effect of the process, 
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the same scale has been set. Maximum peak height is reduced from 32 to 12 m, while the deepest valley 
value is switched from -21 to -13 m. 
 
                                       (a)                                                                                                   (b) 
[um]
[um]
[um]
 
[um]
[um]
[um]
 
                                       (c)                                                                                                   (d) 
Fig.2. (a) Initial roughness profile; (b) Final roughness profile; (c) Initial surface topography ; (d) Final surface topography 
Table 6 shows the results for NA-2 at different locations, numbered from 1 to 9, as introduced in Fig. 1b. 
As has been explained above, in this case measurements points do not coincide exactly before and after 
treatment, so the averaged values are given as initial values for all zones.  In this case no oxidation was 
induced on the part.  
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Table 6. Roughness values before and after processing on NA-2 blade 
 Initial Values Final Values 
Zone Ra ( m) Rz ( m) Ra  ( m) Rz  ( m) Ra (%) Rz (%) Oxidation? 
1 3.1 21 0.76 5.07 75 76 No 
2 3.1 21 0.68 5.51 78 74 No 
3 3.1 21 0.78 6.05 75 71 No 
4 3.1 21 0.77 4.73 75 77 No 
5 3.1 21 0.58 4.16 81 80 No 
6 3.1 21 0.62 5.91 80 72 No 
7 3.1 21 0.74 5.18 76 75 No 
8 3.1 21 0.68 4.14 78 80 No 
9 3.1 21 0.65 3.94 79 81 No 
 
Averaging the values over the nine different zones yields < Ra > = 0.71±0.08 m and < Rz > = 4.5 ± 0.8 
m, which means an overall reduction of a 77% in Ra and 79% in Rz. Smaller values than for NA-1 were 
found, probably due to better initial surface quality. Certain dispersion is found however, with Ra ranging 
from a maximum of 0.78 m to a minimum of 0.58 m. This fact may be explained by initial inhomogeneities 
or, more probably, by defocusing on the part caused by inexact trajectory definition. Process time for the 
blade was estimated at 10 s/cm2. 
 
Fig. 3 shows the final result of the polishing process on the blade. The treated area is encircled in red. The 
high gloss zone is noticeable, compared to the original matt aspect. The black arrows point to areas with small 
defects or bumps, which were left unaffected by the process. 
 
 
Fig.3. Final aspect of the polished blade surface 
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3.2. Molten zone depth and microstructure 
The extent of the molten zone was measured for some of the NA-1 tests carried out at 150W. It was found 
to range between 4 he depth vs. feed 
rate function. There is a clear relation between both magnitudes, approximately 1/sqrt(v), as manifested by 
regression analysis. 
 
Microstructure analyses show similar solidification structures in all cases, with cellular or elongated 
dendrites, which are clearly different from the base metal, which presents an austenitic structure with carbides 
predominantly concentrated at grain boundaries. No sizable transition zone was detected. Figs. 4b to 4c 
present optical and SEM microscopy images at the molten and base metal.  
 
z = 146.4v-0.55
    
                                       (a)                                                                                                   (b) 
 
      
                                       (c)                                                                                                   (d) 
Fig.4. (a) Molten zone depth vs. feed rate; (b) Optical microscopy view of the molten zone; (c) SEM view of the molten zone at the 
juncture of two tracks; (d) SEM detail showing carbide concentration along a grain boundary in the base metal  
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Conclusions 
Two different nickel-based alloys were polished by single-pass laser remelting. The effect of different 
power and speed values on the resulting topography was studied systematically on nickel alloy 1. Then, the 
potential of technique was demonstrated on a section of a real blade. The results show a remarkable decrease 
of around 75-80% on both the Ra and Rz 1D statistical parameters. The degree of initial surface quality plays a 
role in the achievable results. By using the same set of process parameters, it was possible to reduce Ra from 
4.5 - 5 m to around 1 m for NA-1, while for the second alloy (initial Ra ~3 m) values well below 1 m 
were found possible.    
  
Results suggest that at power levels around 150-200W, speed values higher than 10m/min are not able to 
provide sufficient time on the molten state for liquid metal to flow from peaks to valleys, therefore yielding 
inefficient smoothing. However, too low values of speed might result in the onset of surface oxidation, at least 
in the experimental conditions explored in this work. Also, preexisting defects, depending on their scale, may 
hinder the smoothing process. In this case a series of small bumps on the blade surface remained unaffected 
by the polishing process. 
 
The extension of the molten zone was found to range between 40 and 100 m. Regression analysis of 
molten depth vs. feed rate revealed an approximate 1/sqrt(v) relation. Microstructure analyses show similar 
solidification dendritic structures in all cases, with almost no transition zone into the base metal. The effect of 
this structural change on part response remains to be studied. 
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